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INTRODUCTION

Heart failure (HF) is a syndrome characterized by upregulation of the sympathetic nervous 

system and abnormal responsiveness of the parasympathetic nervous system.1 Evidence for 

this dysregulation has included the demonstration of abnormalities in HF patients, including 

increased urinary catecholamine levels, increased plasma norepinephrine, increased 

sympathetic tone, and abnormalities in cardiovascular reflexes. Later studies showed that the 

degree of sympathetic activation as measured by plasma norepinephrine levels correlated 

with New York Heart Association (NYHA) functional capacity and prognosis, with higher 

levels portending a worse outcome and NYHA class.2 The 1980s and 1990s witnessed the 

development of the neurohormonal hypothesis of HF, and the demonstration that inhibition 

of the renin-angiotensin-aldosterone system with angiotensin-converting enzyme inhibitors 

improved symptoms and mortality in HF resulting from systolic dysfunction. These events 

shifted the paradigm of treating HF and provided a framework to consider the use of β-

blockers for HF therapy, contrary to the prevailing wisdom of the time. Against this 

backdrop, this article reviews the contemporary understanding of the sympathetic nervous 

system and the failing heart.

THE AUTONOMIC NERVOUS SYSTEM AND THE HEART

The sympathetic nervous system (SNS) has a wide variety of cardiovascular effects, 

including heart-rate acceleration, increased cardiac contractility, reduced venous 

capacitance, and peripheral vasoconstriction.1,3 Conversely, the parasympathetic nervous 

system affects the cardiovascular system by slowing the heart rate through vagal innervation.
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Anatomy

Cardiac sympathetic nerve fibers travel along coronary arteries at the subepicardial level, 

predominantly in the ventricles.3 The cardiac parasympathetic nerve fibers run with the 

vagal nerve subendocardially after crossing the atrioventricular groove, and are abundant 

mainly in atrial myocardium and less so in the ventricle myocardium.5

Physiology

Four categories of the physiologic effects are observed after SNS activation.6 (1) 

Norepinephrine (NE) released from neurons via the left stellate ganglions reaches the left 

ventricles, leading to an increase in contractile strength and blood pressure; NE released 

from neurons via the right stellate ganglion increases heart rate and shortens atrioventricular 

conduction via the sinus and atrioventricular nodes. (2) Epinephrine released into circulation 

by the adrenal cortex exerts effects on both the myocardium and peripheral vessels. (3) 

Locally released epinephrine and NE have direct effects on peripheral vessels. (4) 

Circulating norepinephrine acts in multiple locations, such as to increase heart rate during 

exercise of heart-transplant recipients who lack adrenergic innervation to the cardiac 

allograft.

Receptors

Norepinephrine and epinephrine released by components of the sympathetic nerve system 

bind to specific adrenergic receptors (ARs). All ARs are proteins embedded in the cell 

membrane with 7 transmembrane structures, coupling to heterotrimeric G proteins (Fig. 1). 

β-Receptor density displays a gradient, greatest at the apex and decreasing toward the base. 

There are a total of 9 different AR subtypes including 3 α1-receptors, 3 α2-receptors, and 3 

β-receptors (β1, β2, and β3).7 The human heart contains mainly β1, β2, and β3 receptors.7 

Activation of β1- and β2-ARs is the most powerful physiologic mechanism to acutely 

increase cardiac performance via positive inotropic, dromotropic, and chronotropic effects. 

β1-ARs activate Gs proteins, whereas β2-ARs couple both Gi and Gs proteins. Gs signaling 

acts as a “receptor accelerator” and Gi signaling acts as a “receptor brake.”8 The human 

heart also expresses α1-ARs at low levels (about 20%), but its role in physiologic conditions 

is unknown.9

REFLEX MECHANISM OF SYMPATHETIC HYPERACTIVITY IN HEART 

FAILURE

Afferent Pathways

Our present understanding of the complex mechanisms engaged by HF arises primarily from 

the application of NE kinetic methods, which quantify the spillover into plasma from total 

body, cardiac, renal, brain, or forearm NE production, and from microneurographic 

recordings obtained from sympathetic fibers innervating muscle or cutaneous vascular beds.
3,10,11 The latter technology refers to muscle sympathetic nerve activity (MSNA), which is a 

real-time measure of sympathetic nerve activity characterized by inserting a tungsten 

microelectrode into the muscle fascicle of the innervating peripheral nerve. Based on animal 
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and human studies, the main reflex responses originate from the following afferent pathways 

(Fig. 2):

• Aortic arch and carotid baroreceptors (SNS inhibition)

• Cardiopulmonary baroreceptors (diverse reflexes including the Bezold-Jarisch 

reflex, SNS inhibition)

• Cardiovascular-low threshold polymodal receptors (SNS activation)

• Peripheral chemoreceptors (SNS activation)5

In systolic HF, SNS hyperactivity is closely related to abnormalities observed in the 

cardiovascular reflexes.1,3 The SNS inhibitory reflexes such as the arterial baroreceptor 

reflex are significantly suppressed, whereas the SNS excitatory reflexes such as the 

peripheral chemoreceptor reflex are augmented.12 In asymptomatic patients with left 

ventricular dysfunction, SNS activation precedes the development of symptoms and is 

related to poor survival.13 Of interest, decreased parasympathetic tone is noted to precede 

sympathetic activation in a canine model of nonischemic HF.14 It has long been considered 

that a generalized activation of the SNS in left ventricular systolic dysfunction leads to 

alterations of cardiac and peripheral hemodynamics, which are initially appropriate but 

eventually pathologic.15 However, the time course and magnitude of SNS activation are now 

recognized to be organ-specific and independent of ventricular systolic dysfunction.3

Obstructive sleep apnea—Among HF patients, approximately one-third have 

obstructive sleep apnea (OSA) and one-third have central sleep apnea.16 It has been 

demonstrated that each pause in breathing during sleep elicits profound increases in MSNA 

in humans with OSA.17 Compared with HF patients without sleep apnea, MSNA was 11 

bursts per 100 heartbeats higher in those with existing OSA.18 In a subset study of a 

randomized controlled trial, MSNA in patients was decreased by 12 bursts per 100 

heartbeats after they received successful continuous positive airway pressure therapy.19 

These data have demonstrated that 2 independent sympathoexcitatory processes (HF and 

OSA) can increase MSNA via an additive summation effect. Sleep-related breathing 

disorders provide a potent stimulus for adrenergic upregulation.

Myocardial ischemia and infarction—One study followed patients with relatively 

preserved ejection fraction (mean 52%) 6 months after myocardial infarction. These subjects 

were noted to have higher MSNA burst incidence in comparison with patients with coronary 

artery disease or healthy control subjects.20 Compared with patients with nonischemic 

cardiomyopathy and a low left ventricular ejection fraction, MSNA was significantly higher 

in those with ischemic cardiomyopathy.21 Myocardial ischemia and prior infarction have 

adverse effects on sympathetic outflow, both additive and independent of magnitude of 

ejection fraction.3

Reflex from skeletal muscle—Skeletal muscles have the capacity to increase the set 

point of central sympathetic outflow in HF at rest or during exercise. This reset can be 

achieved by an adenosine/angiotensin-mediated sympathoexcitatory reflex, activation of a 
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muscle mechanoreflex elicited by passive exercise, or a muscle metaboreflex activated by 

handgrip.22–24

Renal failure—MSNA stimulation is noted in patients with chronic renal failure.25 Similar 

activation in milder renal insufficiency or the cardiorenal syndrome may lead to increased 

adrenergic stimulation.

Efferent Pathways

Coordination of sympathetic outflow from the brain begins in the dorsolateral reticular 

formation of the medulla, and is modulated by the hypothalamus. Two sets of motor neurons 

conduct signals to the periphery, preganglionic and postganglionic. The preganglionic fibers 

originate from the brainstem or the lateral horns of thoracolumbar spinal cord segments. 

These short, myelinated fibers use acetylcholine as a neurotransmitter, and synapse either 

with chromaffin cells in the adrenal medulla or with postganglionic fibers in either 

paravertebral or prevertebral (also known as preaortic) ganglia. These fibers travel along 

blood vessels in the periphery or in the heart. Norepinephrine is the principal 

neurotransmitter distally. NE uptake and release into the synaptic junction may be inhibited 

by presynaptic α2-receptor antagonists and increased by β2-receptor stimulation with 

epinephrine. Terminal muscarinic receptors decrease NE secretion when stimulated by 

acetylcholine (Fig. 3).1,3

CENTRAL MECHANISM OF SYMPATHETIC HYPERACTIVITY IN HEART 

FAILURE

Coupling of Renin-Angiotensin System and Reactive Oxidative Stress in Brain

The renin-angiotensin system (RAS) is considered to be the main system of regulating SNS 

in the brain.26 The brain RAS system is activated in experimental chronic systolic HF with 

enhanced sympathetic outflow.27 Angiotensin II type 1 (AT1) receptors are expressed at high 

levels in areas of hypothalamus and medulla, which regulate sympathetic outflow.28 In 

addition, aldosterone can increase AT1 receptor levels in the paraventricular nucleus (PVN) 

of the hypothalamus.29 The mechanism of RAS causing sympathetic excitation is involved 

with brain reactive oxidative stress. It is well established that activation of the AT1 receptor 

can induce oxidative stress in the rostral ventrolateral medulla (RVLM), known as the 

vasomotor center.27 In animal models of chronic HF, microinjection of angiotensin II into 

the RVLM results in sympathoexcitation, whereas microinjection of AT1 receptor blockers 

into the RVLM causes sympathoinhibition.27

Brain Inflammatory Mediators

Nuclear factor κB (NF-κB) exhibits cross-talk between proinflammatory cytokines and 

brain RAS in rats with chronic systolic HF.30 Nitric oxide (NO) causes sympathoinhibition 

in the brain, probably through the mechanism of counteracting oxidative stress.31 

Overexpression of NO synthase in the brain can attenuate abnormal sympathoexcitation in 

mice with HF. Of note, small G-protein Rho/Rho kinase pathway, mineralocorticoid 
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receptors, Na sensitivity, or toll-like receptor 4 in the brain each can cause 

sympathoexcitation in a rat model of systolic HF.

In 2009, Floras3 proposed a new model of SNS activation in systolic HF that characterized a 

balance between normal compensatory reflexes and excessive responses in the setting of 

increased adrenergic output attributable to a higher central adrenergic set point (see Fig. 1). 

Critical components of this model included: (1) impaired vagally mediated arterial 

baroreceptor reflex regulation of heart rate; (2) MSNA regulated by an arterial baroreflex 

that rapidly responds to changes in diastolic blood pressure, modulates generalized 

sympathetic discharge, and responds to diminished pulsatile arterial mechanoreceptor stretch 

by adjusting, as required, a centrally established set point for sympathetic outflow; (3) 

pulmonary mechanoreceptor-mediated entrainment of sympathetic outflow; (4) blunted 

inhibitory ventricular baroreceptor reflex control of MSNA; and (5) increased cardiac 

norepinephrine spillover early in the course of HF caused by a cardiac-specific 

sympathoexcitatory reflex stimulated in the setting of elevated left ventricular diastolic 

filling pressures.

EFFECT OF SYMPATHETIC HYPERACTIVITY ON HEART FAILURE

NE Spillover

In systolic HF, sympathetic hyperactivity is evidenced by increased plasma NE levels, 

central sympathetic outflow, and NE plasma spillover from activated sympathetic nerve 

fibers.1 While NE clearance is reduced in patients with HF, it does not account for the 

increased NE measured. The use of isotope dilution methods to measure cardiac NE plasma 

release have indicated as much as a 50-fold increased cardiac NE spillover in untreated 

systolic HF.1 In addition, systolic HF patients may have decreased NE concentrations in the 

cardiomyocytes and/or reduced postsynaptic β-receptor density.1

Cardiac Remodeling

In HF, the cardiac neuronal hierarchy undergoes a pathologic remodeling process. Spatially 

organized reflexes acting in isolation may destabilize efferent neuronal control of regional 

cardiac mechanical and/or electrical events.1 For example, angiotensin II can initiate a 

positive feedback mechanism, leading to upregulated AT1 receptors, NO inhibition, and 

increasing oxidative stress by increased production of superoxide anion.32 This pathway can 

lead to further increases in sympathetic outflow and disease progression.

Receptor Level Changes

Prolonged SNS activation can adversely affect excitation-contraction coupling and enhance 

the apoptotic pathways, playing a central role in the disease progression of chronic HF.33 A 

striking characteristic of HF is the set of molecular events in the β-AR signaling pathway, 

including a decrease in β1-AR density, uncoupling of β1-ARs from Gs, increased Gi protein, 

and impaired compartmentalization of cyclic adenosine monophosphate/protein kinase A 

signaling.34 The role of β2-AR in HF has not been described clearly. There is no significant 

change in the levels of β2-ARs in the failing heart.35 The role of β3-ARs in HF has not been 

elucidated. Recently it has been demonstrated that β-AR desensitization by tumor necrosis 

Zhang and Anderson Page 5

Cardiol Clin. Author manuscript; available in PMC 2018 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



factor α is mediated by G-protein–coupled receptor kinase 2 and is agonist independent, 

suggesting a novel mechanism for inflammatory modulation of β-receptor response.36

Impact of β-Adrenergic Receptor Polymorphism

Marked variability in HF phenotype and response to therapy implies complex interactions of 

genetic variations and disease-modifying mechanisms. Polymorphisms in adrenergic 

receptor genes have been associated with variable clinical response to β-blocker therapy 

through the study of pharmacogenomics. A substudy of BEST (Beta Blocker Evaluation of 

Survival Trial), a bucindolol versus placebo HF trial, demonstrated drug response variability 

that was dependent on 2 coding AR polymorphisms: the Arg389Gly of the β1-AR, and a 

position 322–325 4-amino-acid deletion (Del) in the prejunctional sympathetic nerve 

terminal α2C-AR.37 Subpopulations with enhanced (β(1)389 Arg homozygotes), 

intermediate (β(1)389 Gly carriers + α(2C)322–325 Wt homozygotes), and no (β(1)389 Gly 

carriers + α(2C)322–325 Del carriers) efficacy were identified.38 A substudy of HF-

ACTION (Heart Failure: A Controlled Trial Investigating Outcomes of Exercise TraiNing) 

patients with the ADRβ1-389 Arg/Arg genotype receiving low-dose β-blockers had a 2-fold 

increase in the risk of death compared with those receiving a high dose (hazard ratio 2.09; P 
= .015), which was not conferred in Gly carriers.39 There was a gene-dose interaction with 

the ADRβ1-389 Arg/Arg versus Gly carrier genotype and β-blocker dose, suggesting that 

patients with the Arg/Arg genotype might require a higher dose of β-blockade to achieve a 

treatment response similar to that of Gly carriers.

ROLE OF PARASYMPATHETIC DYSFUNCTION IN HEART FAILURE

The sensory endings of both vagal and sympathetic afferent fibers in the heart are 

mechanoreceptors, thereby stimulated by the mechanical stretching associated with cardiac 

dilatation in HF. In HF with chamber dilatation, both vagal and sympathetic afferent cardiac 

fibers increase firing, as a result of which the afferent sympathetic excitation leads to tonic 

and reflex inhibition of cardiac vagal efferent activity.5 In cases of diastolic dysfunction with 

no dilatation of heart, the mechanism of reduced vagal activity has not been fully 

determined.15

Translation into Heart Failure: Diagnostic Implications

Two state-of-the-art techniques can be used to quantify sympathetic nerve activity with 

potential diagnostic values: the radiotracer measurement of regional NE spillover and 

microneurography (microelectrode direct measurement of postganglionic sympathetic nerve 

activity: the proximate neural stimulus to NE release).

Muscle sympathetic nerve activity—Excessive sympathetic activation under resting 

conditions has been shown to increase from the early stages of systolic HF, and is related to 

prognosis. Direct recording of multiunit efferent MSNA by microneurography is the best 

method for quantifying sympathetic nerve activity in humans.40 To date, this technique has 

been used to evaluate the actual central sympathetic outflow to the periphery in HF patients 

at rest and during exercise. However, because the firing occurrence of sympathetic activation 

is mainly synchronized by pulse pressure, multiunit MSNA, expressed as burst frequency 
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(bursts/min) and burst incidence (bursts/ 100 heartbeats), may have limitations for the 

quantification of sympathetic nerve activity.40 In HF, multiunit MSNA is near the maximum 

level, and cannot increase more than the heartbeat. Although single-unit MSNA analysis in 

humans is technically demanding, it provides more detailed information regarding central 

sympathetic firing.

Nuclear imaging—Cardiac neuronal distribution and function can be imaged using 

radiolabeled analogues of NE with standard gamma cameras and positron emission 

tomography (PET). In addition, postsynaptic β-AR distribution and density can also be 

determined by PET. An analogue of NE, 123I-metaiodobenzylguanidine (MIBG), can be 

used to measure cardiac sympathetic neuronal activity noninvasively, as well as other 

semiquantitative parameters including early heart-to-mediastinum ratio, late heart-to-

mediastinum ratio, and myocardial washout. Decreased late heart-to-mediastinum ratio or 

increased myocardial MIBG washout is associated with a worse prognosis in comparison 

with those patients having normal myocardial MIBG parameters.41 β-Blockade and renin-

angiotensin-aldosterone inhibition are associated with an increase in MIBG uptake and a 

reduced washout.1 The ADMIRE-HF (AdreView Myocardial Imaging for Risk Evaluation in 

Heart Failure) trial demonstrated that MIBG cardiac imaging can provide independent 

prognostic information for risk-stratifying patients with HF, in additional to commonly used 

markers such as left ventricular ejection fraction and B-type natriuretic pepetide.42 The 

survival data from 961 patients of NYHA class II to III in the ADMIRE-HF trial were 

analyzed using the Seattle Heart Failure Model (SHFM). The addition of MIBG imaging to 

the SHFM improves risk stratification, especially in higher-risk patients. MIBG may have 

clinical utility in higher-risk patients who are being considered for therapy such as 

implantable cardioverter-defibrillators, cardiac resynchronization devices, left ventricular 

assist devices (LVADs), and cardiac transplantation.43

Other measurements—The measurement of plasma NE can only be used as a crude 

guide to assess SNS activity, because it depends on the rate of immediate NE reuptake and 

NE clearance from circulation.1 Also, the technique for measuring serum levels is somewhat 

complicated. Nevertheless, elevated plasma NE levels have been correlated with NYHA 

functional capacity and prognosis in patients with left ventricular systolic HF. Heart-rate 

variability (HRV), an easily performed noninvasive methodology, does have prognostic 

significance (ie, decreased HRV is a negative prognosticator) but practical limitations, given 

that a high percentage of the HF subjects have atrial fibrillation, paced rhythm, or are 

diabetic (associated with autonomic dysfunction and decreased HRV).1

THE SYMPATHETIC NERVOUS SYSTEM IN HEART FAILURE: 

THERAPEUTIC IMPLICATIONS

β-Blockers

β-Blockers can be broadly classified into 3 generations based on receptor-level activity:

1. First generation, which are nonselective and competitively block both the β1- 

and β2-receptors (propranolol, nadolol, timolol)
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2. Second generation, with much higher affinity for the β1- than for the β2-receptor 

(atenolol, metoprolol, bisoprolol)

3. Third generation, which may be selective (celiprolol, nebivolol) or nonselective 

(bucindolol, carvedilol, labetalol), but all causing peripheral vasodilatation 

mediated via either α1-receptor blockade (bucindolol, carvedilol, labetalol), β2-

receptor agonism (celiprolol), or NO synthesis (nebivolol).44

Among all β-blockers, bisoprolol (except in the United States), carvedilol, and metoprolol 

succinate (except in Canada) are almost universally approved for the treatment of chronic 

systolic HF (Table 1).1 Carvedilol was the first β-blocker with demonstrated efficacy in 

chronic systolic HF. The US Carvedilol Trials program demonstrated that administration of 

the β-blocker to a population of predominantly NYHA Class II and III patients who were 

stable on a background regimen of angiotensin-converting enzyme (ACE) inhibitors, 

diuretics, and digoxin reduced all-cause mortality by 65% and the risk of death or 

hospitalization for cardiovascular reasons by 35%. Of note, the trial was stopped early by the 

trial’s Data Safety and Monitoring Board because of the drug’s observed favorable effect on 

mortality.45 The Carvedilol Prospective Randomized Cumulative Survival Study Group 

(COPERNICUS) Study in 1997 extended the evidence of efficacy to a sicker HF population, 

and included patients who were recently NYHA Class IV and hospitalized patients.46 

Subsequently, similar beneficial results were observed with metoprolol succinate 

(Metoprolol CR/XL Randomized Intervention Trial in Congestive Heart Failure [MERIT-

HF]) and bisoprolol (The Cardiac Insufficiency Bisoprolol Study II [CIBIS-II]).47,48 Clearly, 

however, not all β-blockers are efficacious in chronic HF. Bucindolol, a nonselective β-

blocker with α-blocking effects, failed to demonstrate a survival benefit, and metoprolol 

tartrate, a selective β-blocker, at a relatively low dose of 50 mg twice daily, was inferior to 

carvedilol.49,50 Extensive clinical studies have established that chronic β-blocker therapy 

with carvedilol, metoprolol succinate, or bisoprolol improves left ventricular performance 

and reverses left ventricular remodeling, reduces the risk of hospitalization, and improves 

survival.1 However, the exact mechanism(s) for these laudatory effects are not clearly 

defined.

α-Blockers

As potent arteriolar vasodilators, this class of drugs was initially thought to have promise as 

HF therapy. Prazosin was compared with hydralazine and isosorbide dinitrate originally in 

the Veterans Administration Cooperative Study (V-HeFT). However, patients in the prazosin 

arm experienced worse outcomes than those receiving the combined vasodilator therapy of 

hydralazine and isosorbide dinitrate.51 The underlying mechanism for this observed adverse 

effect could be sympathetic upregulation as indicated by increased catecholamine levels 

after chronic use of prazosin, counteracting any potentially beneficial action mediated 

through inhibition of the α1-receptor. Later, in the ALLHAT (Antihypertensive and Lipid-

Lowering Treatment to Prevent Heart Attack Trial) study (ALLHAT collaborative), the study 

of another α1-blocker, doxazosin, was terminated early because of a higher HF incidence in 

subjects taking the drug.15
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Centrally-Acting α2-Blockers

In the past decade, more experiments have revealed that the central nervous system (CNS) 

plays a key role in the sympathoexcitation noted in HF. Thus, the central α2-receptor has 

been considered as a possible target in the treatment of HF, because excitation of the central 

α2-receptor inhibits the activation of the SNS. Clonidine displays α2-agonist actions in the 

CNS. At modest doses, clonidine significantly attenuates cardiac and renal sympathetic tone 

in patients with HF.15 Of interest, chronic clonidine administration exerted marked 

sympathoinhibitory effects without further clinical deterioration in a small, short-term 

clinical study.15 Large clinical trials will be needed to evaluate potential benefits. However, 

in clinical trials of the centrally acting sympathoinhibitory agent, moxonidine (which acts 

through both α2- and imidazoline receptors), the drug was associated with an increased 

mortality.15,36

Renin-Angiotensin-Aldosterone Modulators

Angiotensin II and aldosterone production enhance the release and inhibit the uptake of 

norepinephrine at nerve endings, and thus modulate the adrenergic response in the periphery.
30 However, angiotensin and aldosterone also have targets of action centrally. High densities 

of AT1 receptors are present in brain regions both outside and inside the blood-brain barrier, 

thus providing a pathway whereby peripherally administered AT1 receptor blockers are able 

to exert centrally acting effects on sympathetic activity. Recent studies have suggested that 

systemically administered AT1 receptor blockers reduced blood pressure in hypertensive 

rats, by acting on CNS AT1 receptors.31 Plasma aldosterone levels may be elevated as high 

as 20-fold in patients with HF, primarily because of increased production by the adrenal 

glands following stimulation by the high plasma angiotensin II concentrations. Two trials of 

aldosterone receptor blockers, RALES (Randomized Aldactone Evaluation Study) and 

EPHESUS (Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and 

Survival Study), demonstrated the benefit of aldosterone antagonists in HF patients.52,53 

Data have shown that these drugs decrease central sympathetic activity in rats and improve 

norepinephrine uptake in humans with HF.15

Digoxin

Digoxin is considered the oldest HF therapy still in use. Its utility in HF has been debated, 

but best evidence suggests that it may be an effective agent for improving symptoms and 

reducing hospitalizations while having a neutral effect on mortality. Digoxin acts via several 

mechanisms that may be helpful for treating HF, the most commonly acknowledged of 

which is to increase inotropy by indirectly increasing intracellular calcium available to the 

sarcoplasmic reticulum. However, digoxin also modulates sympathetic outflow by 

improving baroreceptor function, decreasing sympathetic tone, and increasing sympathetic 

tone.54,55

Exercise

Exercise intolerance is a hallmark of patients with chronic HF, and skeletal myopathy 

contributes to the limitation of functional capacity.15 The activation of SNS and myogenic 

reflex engagement regulate the heart and muscle vasculature to maintain adequate blood 
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pressure during exercise.56 However, abnormal activation of the SNS contributes to the 

skeletal myopathy seen in HF, because SNS-mediated vasoconstriction at rest and during 

exercise restrains muscle blood flow, arteriolar dilation, and capillary recruitment, leading to 

underperfusion, ischemia, release of reactive oxygen species, and chronic inflammation.41 

HF-ACTION, the first large, randomized controlled trial to evaluate the effects of exercise 

training in HF patients, demonstrated that exercise training was safe and offered clinical 

benefits, although it did not meet its primary end point and was considered a negative trial.43 

Proposed mechanisms beneficial effects include: (1) improvement in arterial and 

chemoreflex control; (2) significant reduction in central sympathetic outflow; (3) correction 

of CNS abnormalities; (4) increase in peripheral blood flow; (5) reduction of circulating 

cytokines; and (6) increase in muscle mass. Experimental evidence suggests that the exercise 

training–induced beneficial effects on autonomic activity in HF may be due to an 

upregulation in central antioxidative mechanisms and suppressed central prooxidant 

mechanisms.15

NOVEL THERAPIES AND FUTURE PERSPECTIVES

New Centrally Acting Medications

Previous studies have shown AT1 receptor–induced oxidative stress in the brain, especially 

in the RVLM, to be a novel therapeutic target for chronic HF through the mechanism of SNS 

inhibition.27 Central administration of antisense oligonucleotides targeted against mRNA of 

the AT1 receptor in a rat model of ischemic HF reduced both the resting sympathetic tone 

and the sympathetic reflex response.57 Orally administered atorvastatin causes 

sympathoinhibition and improves baroreflex dysfunction through reduction of oxidative 

stress and upregulation of NO synthase in the brain of hypertensive rats.15 Further clinical 

trials are necessary to clarify whether statins would have favorable modulatory effects on 

SNS hyperactivity in human systolic HF.

Parasympathetic stimulation—Research on the therapeutic modulation of cardiac 

autonomic tone by electrical stimulation has yielded encouraging early clinical results. Vagal 

nerve stimulation has reduced the rates of morbidity and sudden death from HF therapeutic 

vagus nerve stimulation is limited by side effects of hypotension and bradycardia.58 Of 

interest, the recent Systolic HF trial of treatment with the If inhibitor ivabradine (SHIFT) 

evaluated the effects of ivabradine, a selective inhibitor of the If current in the sinoatrial 

node, without inotropic effects.59 The results favored ivabradine over placebo regarding 

lower hospital admission rates due to HF. Sympathetic nerve stimulation implemented in the 

experiment may exacerbate the sympathetic-dominated autonomic imbalance. By contrast, 

concurrent stimulation of both sympathetic and parasympathetic cardiac nerves increases 

myocardial contractility without increasing heart rate.58

Renal sympathetic denervation—An ongoing trial of renal sympathetic denervation in 

patients with treatment-resistant hypertension (SIMPLICITY HTN) uses the strategy of 

sympathoinhibition to treat resistant hypertension via percutaneous renal sympathetic 

denervation.60 Renal afferent nerves project directly into many areas within the CNS, 

controlling the SNS outflow activity.61 Resistant hypertension with systolic HF was not an 
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exclusion criterion for the SIMPLICITY trial.62 Thus, future data from SIMPLICITY 

(subsets with HF) may demonstrate whether renal nerve ablation is a novel therapy for 

chronic HF.

Combined SNS inhibition and stimulation—Clenbuterol is a β-blocker with 

combined β1-inhibition/ β2-stimulation effect, and has been proposed as a treatment 

modality to achieve sustained reversal of severe HF in select patients with LVADs.63 The 

rationale for this approach was based on experimental studies demonstrating that clenbuterol 

treatment, alone or in combination with mechanical unloading, improved left ventricular 

function at the whole-heart and cellular levels by affecting cell morphology, excitation-

contraction coupling, and myofilament sensitivity to calcium.64 In a substantial proportion 

of patients with nonpulsatile LVADs, the use of a combination of mechanical and 

pharmacologic therapy with β-blockers, ACE inhibitors, or angiotensin receptor blockers, 

and selective aldosterone receptor antagonists and clenbuterol, resulted in sustained 

improvement in left ventricular function after removal of the LVAD.65

Future perspectives—The mechanisms by which autonomic nervous system dysfunction 

occurs in HF have not been fully elucidated. In particular, the central abnormalities need 

further determination in clinical and basic research. How does the brain “recognize” the 

condition of “HF”? What is the input into the brain, neuronal, or humoral factors? The 

answers to these questions promise to contribute to a novel concept for the treatment of HF: 

“the brain is a major target in the treatment of HF through sympathoinhibition.”

SPECIAL CATEGORIES IN HEART FAILURE

Diastolic Heart Failure

There is limited information regarding chronic SNS activation in HF with preserved left 

ventricular ejection fraction (diastolic HF).66 However, the findings of a study by Grassi and 

colleagues67 indicate that in patients with hypertension, SNS hyperactivity (increased 

muscle sympathetic nerve traffic) may contribute to the development of left ventricular 

diastolic dysfunction and account for the increased cardiovascular risk.

Left Ventricular Assist Devices

LVADs are now widely accepted as an option for patients with advanced HF. First-

generation devices were pulsatile, but had poor longevity and durability. Newer-generation 

devices are nonpulsatile and more durable, but remain associated with an increased risk of 

stroke and infection. More importantly, little is understood about the physiologic effects of 

the chronic absence (or extreme reduction) of pulsatile flow in humans, especially on 

sympathetic activity. HF patients with continuous, nonpulsatile LVADs have marked 

sympathetic activation in comparison with healthy controls and patients with pulsatile 

devices, which at least in part is likely due to baroreceptor unloading.68 Such chronic 

sympathetic activation may contribute to or worsen end-organ diseases, and reduce the 

possibility of ventricular recovery. Strategies to provide some degree of arterial pulsatility, 

even in continuous-flow LVADs, may be necessary to achieve optimal outcomes in these 

patients.
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Right Heart Failure

There is lack of data evaluating the role of SNS activation in right HF. However, in patients 

with chronic renal failure, MSNA is stimulated by the afferent signals from the uremic 

kidney.25 This reflex may become functionally important in patients with renal failure or 

right HF.
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KEY POINTS

• Heart failure is a syndrome characterized by upregulation of the sympathetic 

nervous system and abnormal responsiveness of the parasympathetic nervous 

system.

• Hyperactivity of the sympathetic nervous system is triggered by both central 

and peripheral pathways that are associated with abnormal cardiovascular 

reflexes observed in a variety of disease states such as cardiac ischemia, 

ventricular dysfunction, renal failure, and obstructive sleep apnea.

• The renin-angiotensin aldosterone axis is the major regulator of the 

sympathetic nervous system in the brain.

• Sympathetic hyperactivity in heart failure leads to specific adverse effects 

which worsen the disease process including adverse remodeling, alteration of 

the beta adrenergic receptor system, and skeletal muscle abnormalities.

• The parasympathetic nervous system is also altered in heart failure with 

resulting adverse effects.
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Fig. 1. 
β-Receptors are G-protein–coupled receptors, and they act by activating a Gs protein. Gs 

activates adenylyl cyclase, leading to an increase in levels of intracellular cyclic adenosine 

monophosphate (cAMP). Increased cAMP activates protein kinase A, which phosphorylates 

cellular proteins. ATP, adenosine triphosphate.
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Fig. 2. 
Summary of sympathetic and parasympathetic autonomic neural outflows from the central 

nervous system (CNS) that regulate the cardiovascular system. There are 2 major sets of 

neurons serially connected to regulate peripheral target organs controlled by the motor 

outflow of the sympathetic nervous system. The first set, called preganglionic neurons, 

originates in the brainstem or the spinal cord. The postganglionic neurons are the second set, 

located in a group of nerve cells called sympathetic ganglia outside the central nervous 

system. The predominant neurotransmitter of the sympathetic preganglionic neurons is 

acetylcholine. On the other hand, the predominant neurotransmitter of most sympathetic 

postganglionic neurons is norepinephrine, with exceptions such as postganglionic neurons 

innervating sweat glands by releasing acetylcholine. (Adapted from Johnston TB, Whillis J. 

Gray’s anatomy. 31st edition. London: Longmans; 1954.)
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Fig. 3. 
Adrenergic receptors and norepinephrine (NE) transport in the cardiac presynaptic nerve 

terminal. Thick solid black arrows indicate processes that facilitate NE transport to and from 

the synaptic cleft. Dashed black arrow shows negative feedback mechanisms that affect 

secretion. NE is stored within vesicles at the sympathetic nerve terminal. Sympathetic nerve 

activity results in release of NE from the storage vesicles in the synaptic cleft, where it is 

available to attach to postsynaptic α1-, β1-, and β2-adrenergic receptors, as well as 

presynaptic adrenergic receptors. In addition to these postsynaptic adrenergic receptors, 

there are presynaptic α2-adrenergic receptors located on the sympathetic nerve terminal. 

Activation of the α2 presynaptic receptor by an agonist reduces release of NE from the 

sympathetic nerve terminal, decreasing NE in the cleft and decreasing adrenergic activation 

of the cardiomyocyte. MAO, monoamine oxidase.
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